Interactions between Viruses and Host Defenses
Viral infections are probably the most common cause of morbidity in man. We are continually being exposed to a variety of different viruses, often become infected, but generally recover without serious consequences. There are a number of viruses, however, that do have the capability of producing severe disease in man and in many cases result in mortality. There are many factors that may play a role in determining whether the infected host recovers or not; the two most important appear to be the *Division of Infectious Diseases, Department of Pediatrics, University of Utah College of Medicine, Salt Lake City, Utah 84132. February 1982 virulence of the virus and its pathogenesis of infection and the ability of the host's defense mechanisms to control the viral infection. This is a very complex set of interactions that result in disease manifestations ranging from complete recovery to death.
Once the host becomes infected, dependent on the particular virus, there are a variety of possible patterns of pathogenesis of the viral infection that may occur in the host. There may be disease only at the local site of infection such as the upper respiratory tract. An example of this type of infection is caused by rhinoviruses or other viruses which produce a limited respiratory infection. After infection at a local site there may be direct spread of virus to other target organs such as the lower respiratory tract. Influenza virus, the parainfluenza viruses and respiratory syncytical virus can result in this type of pathogenesis. The virus may spread from an 71 initial site of infection to other target organs such as the lungs, liver, spleen, brain, or skin by way of the blood stream or the lymphatic system. The virus may be free in the plasma, be carried within leukocytes, or in some cases may actually replicate in the leukocytes. Some of the viruses that are disseminated through the host in this manner include measles virus, mumps virus, hepatitis virus, poliovirus, and the arthropod-born togaviruses. Certain viruses such as herpes simplex virus and rabies virus have the capability of traveling from an initial site of infection to the central nervous system by way of direct neural spread. The nature of the interaction between the infecting virus and the host's immune system is going to be dependent on the pathogenesis of the viral infection. The more generalized the infection is, the greater may be the role of the host's defense in contributing to the control of the infection.
There are numerous components of host resistance, both humoral and cellular that may respond to viral infections. These include antibody produced by B-lymphocytes, interferon, cytotoxic T-cells, natural killer (NK) cells, neutrophils and macrophages. In addition to these there are also subsets of some of these, particularly the T-lymphocytes, that carry out different functions. Some subsets may act as helper cells, while others may actually suppress certain immune functions. In addition to these individual components of host resistance, there are multiple interactions between the components. It would appear unlikely that one component of the immune system is responsible for the recovery of the host from a viral infection but rather that host resistance is a complex interaction of many components. There is also selectivity in that some components appear to be more important in recovery to certain viral infections than in others.
The interaction between the virus and host can result in one of a number of potential outcomes (1) . These are summarized in Table 1 . The first possibility is that the host is completely resistant and no infection is established. In this case other factors than just immune functions are undoubtedly involved. Secondly, the host may undergo a mild or subelinical infection with either a complete recovery or recovery with a persistent or latent infection. The third possibility is that the host will suffer from an acute disease. Depending upon the particular virus and the ability of the host's immune system to control the infection, the outcome can be death, complete recovery, or again recovery with a persistent or latent infection. Finally, the virus can produce a persistent infection which may be asymptomatic, may be characterized by periodic recurrences, or may continue as a long term persistent or 72 
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(2-4). The animals generally die on days 6-8. Clearance of virus from the blood is associated with an early rise in interferon in the serum followed by antibody production. Therefore, both of these components of host resistance appeared to be involved in recovery from this infection. To determine the role of antibody, Murphy and Glasgow (5) x-irradiated mice prior to infection with a sublethal dose of EMC virus (Table 5 ). Either EMC virus infection or x-irradiation alone resulted in only a low mortality, whereas the combination of the two resulted in a 90% mortality, and no antibody could be detected in these animals. In contrast, however, when the x-irradiated animals infected with EMC virus were given passive antibody early in the course of the infection, most of the mice were then protected. These data indicate that the production of antibody by B-cells is certainly involved in recovery from this infection.
To evaluate the role of interferon in the EMC virus infection, two types of experiments have been performed. In the first case mice were inoculated with EMC virus and then given either passive interferon or poly I:C, which is an inducer of interferon, to determine if enhancing the amount of circulating interferon might result in the protection of the infected animals. In the second case, mice inoculated with EMC virus were given anti-interferon antibody to determine if elimination of interferon would result in the enhancement of mortality. The effect of treatment with passive interferon or poly I:C on the mortality of mice inoculated with EMC virus is presented in Table 6 . The untreated control mice had a final mortality of 83%, while those treated shortly after infection either with interferon or the inducer were protected. Protection of these animals was associated with a significant alteration in the pathogenesis of the infection. In treated animals there was no detectable viremia and no seeding of the heart or brain (3, 4) . The effect of anti-interferon antibody on EMC virus infection of mice is shown in Table 7 . When mice were inocuEnvironmental Health Perspectives (8, 9) . One representative experiment in which susceptibility of mice to HSV-1 given either orally or IP is shown in Table 8 . Increased mortality was associated with enhanced viral replication in target organs (10) . From the data available it seems certain that T-cells are involved in resistance to HSV.
Another component that appears to be an important determinant in resistance to HSV is the macrophage. These cells appear to be of major importance in the development of age-related resistance in that it has been shown that HSV will replicate in macrophages from susceptible newborn animals, but not in macrophages from resistant adult mice (11, 12) . Two general types of experiments further document the role of the macrophage in resistance to HSV. Agents such as silica which transiently destroy macrophages can result in enhanced susceptibility. The effect of silica treatment on the mortality of mice subsequently inoculated IP with HSV-2 is shown in Table 9 . In two experiments with two different silica preparations, mortality was enhanced significantly compared to control animals. The increase in mortality was correlated with a change in the pathogenesis of the HSV-2 infection. In control mice, low levels of virus were found sporadically in the visceral organs, and virus was not detected in the brain until late in the course of infection. In contrast, in silica-treated mice, virus was present in high titers in target organs 2 days after infection, and virus was detected in the brain on day 4 (13) . The second concept that can be used to implicate the macrophage as a primary component of host resistance to HSV comes from the fact Table 11 mice were inoculated with HSV-2 by the IP route and then treated with either exogenous interferon or poly I:C at various times after infection. In the PBS-treated control animals, 95% of the animals died; in those treated with either interferon or the inducer, significant protection was observed when therapy was initiated as late as 48 hr post infection (16) . In another model infection utilizing newborn mice inoculated by the intranasal route with HSV-2, treatment with poly I:C completely inhibited viral replication in lung, liver and spleen but not brain. In general, the control of HSV replication in target organs correlated with the induction of interferon in those tissues (17) . From these and other data in the literature it is apparent that interferon or interferon inducers can protect animals against HSV infection and suggest that interferon is involved in resistance to and recovery from HSV infection. Data which more directly indicate that interferon is involved in resistance to HSV comes from the experiments of Gresser et al. (18) , who used anti-interferon antibody to abolish Environmental Health Perspectives bMice treated with anti-interferon globulin died 3-5 days earlier than control mice the interferon response in mice infected with HSV-1 (Table 12 ). In these animals the mortality rate was increased and viral replication in target organs was enhanced (18) . These results in mice infected with HSV, also demonstrate that resistance can be altered in both directions by either increasing the amount of interferon produced or by inhibiting the endogenous response.
Murine Cytomegalovirus (MCMV) Infection of Mice
Cytomegalovirus infection of humans can result in a variety of diseases, including congenital infection of the fetus, a mononucleosis-like syndrome in patients receiving transplants or blood transfusions, a chronic infection involving numerous target organs and an asymptomatic infection of children or adults. Since the cytomegaloviruses exhibit strict species specificity, it is necessary to use closely related animal strains in experimental infections. When mice are inoculated IP with MCMV, the virus replicates to high titers in the liver, spleen, kidney and lung (19) . This is a generalized infection involving all the major target organs and there should be February 1982 maximum interaction between the viral infection and the immune system allowing one to identify numerous potential alterations of the immune response. Antibody has not been identified as a critical component of host resistance to CMV, although there is evidence that immunization may be effective in prevention of infection. The use of interferon or interferon inducers in animal or human studies have not resulted in significant protection against infection. Cytomegalovirus infections are a particular problem in the immunocompromised patient, and there are numerous studies in man and experimental animals which indicate that cell-mediated immunity is the primary component responsible for resistance to these infections. The effect of immunosuppression by cyclophosphamide, prednisolone or anti-lymphocyte serum on the immune response and mortality of mice infected with MCMV are summarized in Table 13 . In immunosuppressed animals the mortality rate and reactivation of latent virus were both increased. The cell-mediated immune response to MCMV antigen, and the response to three mitogens were all suppressed. The development of humoral immunity did not appear to be altered (20, 21) . Similar data supporting the importance of cell-mediated immunity to infections by the herpesvirus group in humans have also been reported.
Evidence has been presented which suggests that experimental viral infections in animals provide ideal models for evaluating the potential immunotoxicity of substances to which humans may be exposed. It is important to note, however, that viral infections by themselves may result in alterations of immune responses in the infected host. These effects of the virus, therefore, must also be defined in any animal model utilized for toxicity studies. The MCMV infection of mice is an excellent example of how a viral infection can enhance or suppress individual components of host resistance (22) (23) (24) (25) (26) . (Table 14 ). It appears from these data that (Table 15 ). In determining the effect of environmental substances on the immune system during a model viral infection, the components of host resistance for evaluation will have to be selected carefully such that an effect induced by a foreign substance can be distinguished from those caused by the viral infection.
Experimental viral infections in animals appear to be ideal models for assessing changes in the immune system. The virus-host interaction, however, is extremely complex, involving numerous components of host resistance. In any particular viral infection there is no one component responsible for resistance, instead there are multiple interactions among the various components. This concept is supported by the relationship of macrophages and B-cells in the production of antibody, the activation of macrophages by interferon, and the regulatory activity of helper and suppressor cells and lymphokines. One of the limitations in the use of these models is that the viral infection may also alter host responses. It should be stressed that the animal model cannot be utilized effectively by just treating the animal with a particular substance, infecting with virus and then haphazardly determining effects on components of host resistance. To provide optimal information it is important that one first understand the pathogenesis of that particular viral infection being used and the specific and nonspecific host responses to that infection.
